plays an important role in hypertensive renal injury; however, its roles in perpetuating mitochondrial oxidative stress and renal dysfunction remain unclear. In this study, we assessed the effects of chronic NF-B blockade with pyrrolidine dithiocarbamate (PDTC) on renal dysfunction and mitochondrial redox status in spontaneously hypertensive rats (SHR). PDTC (150 mg ⅐ kg body wt Ϫ1 ⅐ day Ϫ1 ) or vehicle was administered orally to 8-wk-old SHR and their respective controls for 15 wk. Systolic blood pressure (SBP) was measured by tail-cuff plethysmography at the start of and at every third week throughout the study. After 15 wk of treatment, anesthetized rats underwent acute renal experiments to determine renal blood flow and glomerular filtration rate using PAH and inulin clearance techniques, respectively. Following renal experiments, kidneys were excised from killed rats, and cortical mitochondria were isolated for reactive oxygen species (ROS) measurements using electron paramagnetic resonance. Tissue mRNA and protein levels of NF-B and oxidative stress genes were determined using real-time PCR and immunofluorescence or Western blotting, respectively. PDTC treatment partially attenuated the increase in SBP (196.4 Ϯ 9.76 vs. 151.4 Ϯ 2.12; P Ͻ 0.05) and normalized renal hemodynamic and excretory parameters and ATP production rates in SHR. PDTC treatment also attenuated the higher levels of cytosolic and mitochondrial ROS generation and tissue mRNA and protein expression levels of NF-B and oxidative stress genes in SHR without any comparable responses in control rats. These findings suggest that NF-B activation by ROS induces the cytosolic and mitochondrial oxidative stress and tissue injury that contribute to renal dysfunction observed in SHR.
glomerular filtration rate; mitochondria; reactive oxygen species HYPERTENSION-INDUCED KIDNEY disease is a significant cause of morbidity and mortality in hypertensive patients (15) . Current antihypertensive treatments are mostly effective in reducing the severity of hypertensive renal disease; however, the progressive clinical course of the disease underscores the need for additional novel therapies. The progression of hypertensive kidney disease depends not only on neurohormones, such as norepinephrine and aldosterone, but also on increased proinflammatory cytokine (PIC) and reactive oxygen species (ROS) production, and on nuclear factor-B (NF-B) activation (11, 39) . Increased production of ROS, which include superoxide and hydrogen peroxide, is a particularly detrimental aspect of renal disease progression (39) . The major producers of these ROS include plasma membrane-bound NAD(P)H oxidases and mitochondria.
Mitochondria are critical modulators of ATP generation and redox-dependent intracellular signaling. The mitochondrial respiratory chain continuously releases ROS during oxidative phosphorylation. Approximately 90% of the cellular oxidative burden is attributed to mitochondrial ROS, thus signifying the role of mitochondria in cellular ROS production (1) . In normal physiological conditions, small amounts of ROS are needed for critical cellular processes; however, excessive ROS production causes oxidative damage and is associated with hypertension (27, 28) and other diseases. The contributions of ROS to the regulation of intracellular signaling pathways, including NF-B activation, are already known. Excess ROS activate the redox-sensitive transcription factor NF-B, causing increases in its activity and expression (13, 33) . Increased activity and expression of NF-B induces gene transcription for PIC, such as TNF-␣, IL-1␤, and IL-6, to increase their production (13, 32) . Increased levels of PIC, along with adhesion molecules, lead to macrophage infiltration of the tubulointerstitium and inflammation of renal tissue (30, 37) . However, the roles of NF-B and of ROS in modulating renal function and tissue injury in hypertensive renal damage have not yet been examined.
Evidence from our laboratory indicates that peripheral TNF-␣ administration increases ROS production in rat myocardial tissue and mitochondria (23) . Findings from other laboratories also indicate that TNF-␣ augments ROS production in liver mitochondria and endothelial cells (4, 8) . IL-6-dependent ROS production has been noted in fibroblasts and in endothelial cells (18, 36) ; and fibroblasts have previously been shown to release ROS in response to IL-1␤ and TNF-␣ (24) . Taken together, these data support a role for NF-B-regulated PIC in cytosolic and mitochondrial ROS production in a variety of tissues. Therefore, it is plausible to suggest that NF-B blockade (and, therefore, blockade of PIC gene transcription) may improve the redox status of hypertensive renal cortical tissue and mitochondria.
Renal inflammation is thought to be a key mediator in the development and progression of hypertension, and compelling evidence suggests that ROS overproduction and NF-B activation promote glomerular and tubulointerstitial inflammation in rat models of hypertension (22, 40) . Furthermore, blockade of NF-B or of ROS has demonstrated both antihypertensive and anti-inflammatory effects in rats (25, 31, 38) . However, the effects of NF-B blockade on mitochondrial ROS and the roles of these ROS in modulating renal function and tissue injury in hypertension are unknown. The aim of this study was to examine the effects of long-term NF-B blockade on cortical cytosolic and mitochondrial ROS production and on renal function during hypertension and to investigate the contributions of these ROS to hypertensive renal injury. We hypothesized that long-term NF-B blockade with pyrrolidine dithiocarbamate (PDTC) would decrease both cytosolic and mitochondrial ROS production in the kidney cortex, thereby protecting the kidneys from damage, and resulting in improved renal function parameters in spontaneously hypertensive rats (SHR).
MATERIALS AND METHODS
An expanded materials and methods section can be found in the accompanying data supplement (all supplementary material for this article is available at the journal website).
All experimental procedures with animals were approved by the Louisiana State University Institutional Animal Care and Use Committee and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Experimental Protocol
Eight-week-old male Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR), obtained from Harlan (Indianapolis, IN), with initial body weights of between 200 and 250 g, were used in this study. Animals were housed in temperature (23 Ϯ 2°C)-and lightcontrolled (12:12-h light-dark cycle) animal quarters. Four groups of six rats each were used: WKY, WKYϩPDTC, SHR, and SHRϩPDTC. All animals were allowed ad libitum access to standard rodent chow (LabDiet; Purina Mills, St. Louis, MO). Control animals were given access to tap water ad libitum; PDTC-treated rats were allowed ad libitum access to tap water with PDTC added. Beginning at 8 wk of age, the appropriate groups of rats were treated with PDTC dissolved daily in drinking water for 15 wk. At the end of week 13, rats were placed into metabolic cages for a 1-wk acclimatization period. Immediately following acclimatization, daily urine output was measured for 1 wk. Animals were killed at the end of week 15, after completion of renal clearance experiments. Plasma and kidney tissues were collected for later analyses.
Blood Pressure Measurement
Blood pressures for all animals were measured by tail-cuff plethysmography as previously described (35) .
Renal Clearance Experiments
At the end of 15-wk treatment, acute clearance experiments were performed to determine renal function in anesthetized (thiobutabarbital, 50 mg/kg ip) rats, as described previously (17) .
Biochemical Assays for Urine and Plasma
Albumin in urine was quantified with a Nephrat II ELISA kit (Exocell, Philadelphia, PA) and TNF-␣, IL-6, and IL-1␤ were quantified in plasma samples with ELISA kits from Biosource/Invitrogen (Carlsbad, CA). Creatinine and urea were quantified in plasma and urine with QuantiChrom Creatinine and Urea Assay Kits (BioAssay Systems, Hayward, CA).
Isolation of Mitochondria and Measurement of Mitochondrial Permeability Transition
Kidney mitochondria were isolated by differential centrifugation of renal cortical homogenates, and mitochondrial swelling was measured as described previously (23) . Mitochondrial purity was determined by Western blotting with an anti-voltage-dependent anion channel (VDAC; a mitochondrial marker) antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and by transmission electron microscopy ( Fig. 1,  A and B) .
Measurement of NAD(P)H-Dependent Superoxide Anion Production
Lucigenin-enhanced chemiluminescence was used to measure NAD(P)H oxidase activity in kidney tissues according to the method of Li et al. (20) .
Determination of Catalase Activity
Catalase activity was measured by the method of Beers and Sizer, as previously described (3, 23) .
Determination of Glutathione Peroxidase Concentrations
Glutathione peroxidase concentrations were determined in cortex homogenates and in isolated mitochondria by use of a commercially available kit, according to the manufacturer's protocol (Cayman Chemicals, Ann Arbor, MI).
Measurement of ATP Production
Rates of ATP production were quantified in cortical mitochondria using a commercially available kit (BioVision, Mountain View, CA).
Western Blotting and EMSA
Protein expression in kidney cortical tissue was analyzed by Western blotting as previously described (35), using anti-p65, anti-p50, anti-IB␣, anti-TNF-␣, anti-IL-6, and anti-IL-1␤ antibodies (Santa Cruz Biotechnology). NF-B p65 DNA binding activity was assessed by EMSA, as previously described (21) . Densitometric analyses were performed with Image J software.
RNA Isolation and Real-Time RT-PCR
Total RNA extraction, cDNA synthesis, and real-time RT-PCR were performed as previously described (35) . Rat primers used appear in the data supplement (Table) .
Immunofluorescence
Immunofluorescence detection of desmin, TNF-␣, NOX2, and NOX4 was performed as previously described (16), with minor modifications (see data supplement).
Electron Paramagnetic Resonance Studies
All electron paramagnetic resonance (EPR) measurements were performed with a BenchTop EPR spectrophotometer e-scan R (Noxygen Science Transfer and Diagnostics, Elzach, Germany). Three different spin probes were used for EPR studies. 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine (CMH) was used to measure total tissue ROS and superoxide (O 2
•Ϫ ), and mitochondrial total ROS and O2
•Ϫ ; 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine (CPH) was used for measurement of tissue peroxynitrite (OONO Ϫ ); and 1-hydroxy-4-phosphono-oxy-2,2,6,6-tetramethyl-piperidine (PPH) was used for mitochondrial hydrogen peroxide (H2O2) studies.
Cortical tissue total ROS, O2
•Ϫ , and OONO Ϫ production. Pieces of kidney cortex were incubated at 37°C with 6.6 l of CMH (200 M) for 30 min for ROS measurement; CMH for 30 min, then 1.5 l of PEG-SOD (50 U/l) for an additional 30 min for O 2 •Ϫ measurement; or 30 l of CPH (500 M) for 30 min for OONO Ϫ measurement. Aliquots of incubated probe media were then taken in 50-l disposable glass capillary tubes (Noxygen Science Transfer and Diagnostics) for determination of total cortical ROS, O 2
•Ϫ , or OONO Ϫ production, under the EPR settings that appear in the data supplement.
Mitochondrial total ROS, O 2
•Ϫ , and H2O2 production. Aliquots of renal cortical mitochondria (ϳ4 -6 g protein) from each animal were probed with CMH for mitochondrial total ROS and O2
•Ϫ measurements and with PPH (500 M) and catalase (50 U/ml) for H2O2 measurement. Superoxide detection in mitochondria was confirmed by inhibition of the O 2
•Ϫ signal with 50 U/ml SOD. After adequate mixing, 50 l mitochondria were taken in disposable glass capillary tubes. Mitochondrial total ROS, O2
•Ϫ , or H2O2 production was detected using EPR under the settings that appear in the data supplement.
Statistical Analyses
Data were analyzed with GraphPad Prism 5 software. All data are presented as means Ϯ SE. One-way repeated measures ANOVA with a post hoc Bonferroni procedure was used to compare differences in blood pressure measurements; one-way ANOVA with a Bonferroni procedure was used to assess renal parameters, EPR measurements, antioxidant activities, and ATP production. Two-way ANOVA with a Bonferroni procedure was used in comparisons of NAD(P)H oxidasedependent superoxide production rates and mitochondrial swelling assays. Results were considered significant when P Ͻ 0.05.
RESULTS

Body Weight, Mean Arterial Pressure, and SBP
No significant differences in body weights, food intake, or water intake were noted among animal groups while in standard housing or while in metabolic cages during this study. The average daily delivered dose of PDTC was ϳ85-105 mg ⅐kg Ϫ1 ⅐day Ϫ1 in both the WKY and SHR treatment groups. WKY rats had significantly lower MAP and SBP than SHR at baseline and study end (Table 1) . SHRϩ PDTC animals had lower SBP than SHR by week 6, and these values remained significantly lower than the values in SHR for the remainder of the study. Mean values for each time point appear in Fig. 2 .
Glomerular Filtration Rate, Renal Blood Flow, Urine and Plasma Creatinine, and Urine Albumin
Significant decreases in glomerular filtration rate (GFR) and renal blood flow (RBF) were noted in SHR compared with other groups. Creatinine clearances (C Cr ), which were calculated to verify inulin clearance data, followed the same trend. Additionally, urine albumin, plasma creatinine, and blood urea nitrogen (BUN) were all significantly higher in SHR than in other groups. Mean values for each parameter appear in Table 2 . •Ϫ , and H 2 O 2 production rates in mitochondria, as determined by EPR, were all significantly higher in cortical tissues of untreated SHR than in WKY, WKYϩPDTC, and SHRϩPDTC animals ( Table 3 ). NAD(P)H-dependent O 2
•Ϫ production, as measured by lucigenin assay, peaked in tissues from all groups at minute 2 of measurement (Supplemental Fig.  1) . Peak values were significantly higher in the SHR group than in other groups.
Immunofluorescence, Western Blotting, mRNA, and EMSA
Protein expression levels of desmin (Fig. 3A) , NOX4 (Fig.  3B) , and NOX2 (gp91 phox ; Fig. 3C ), as determined by densitometric analysis, were all significantly lower in WKY, WKYϩPDTC, and SHRϩPDTC rats than in SHR (Fig. 3D) ; mRNA expression followed a similar trend (Table 4) . Expression levels of NF-B p65, p50, and IB␣ followed similar trends (Figs. 4, A and B) . SHR also exhibited significantly higher DNA binding activity of NF-B p65 (Fig. 4C) .
Cytokine Levels, Antioxidant Enzymes, Mitochondrial Membrane Integrity, and ATP Production
Plasma levels of IL-6 and TNF-␣, but not IL-1␤, were significantly higher in SHR than in WKY, WKYϩPDTC, and SHRϩPDTC animals (Fig. 5A ). Protein and mRNA expression of these cytokines followed a similar trend (Table 4 ; Fig. 5,  B-D) . SHR also exhibited significantly lower activities of tissue catalase and tissue and mitochondrial glutathione peroxidase, along with significantly decreased ATP production [indicative of electron transport chain (ETC) damage] (Supplementary Fig. 2 ). Increased mitochondrial swelling (indicative of membrane damage) was also observed in SHR (Supplementary Fig. 3 ).
DISCUSSION
In this study, we examined the effects of chronic NF-B blockade with PDTC on cortical tissue and mitochondrial ROS production in the hypertensive kidney. The salient findings of the present study are 1) cytosolic and mitochondrial oxidative stress, caused by upregulation of NF-B and NF-B-induced PIC, contribute to renal damage and hypertension in SHR; and 2) NF-B blockade partially attenuates blood pressure, and normalizes renal function parameters and cytosolic and mitochondrial redox status in SHR. These data suggest that NF-B plays a role in hypertensive injury in renal cortical tissue and mitochondria by increasing production of PIC and ROS and that long-term NF-B blockade can ameliorate these detrimental effects.
We found significant decreases in MAP and SBP in SHRϩPDTC rats compared with untreated SHR, and saw no change in MAP or SBP in WKY treated with PDTC. PDTC treatment also improved GFR, RBF, plasma creatinine and levels, BUN, and urinary albumin levels in SHR. Other researchers have used PDTC in hypertensive rat models and have found similar improvements in blood pressure and end-organ damage (12, 25, 29) .
Renal and vascular oxidative stress are known to accompany hypertension in the SHR (19) . Increased ROS production, the exact cause of which remains unknown, is thought to be both a cause and a consequence of hypertension (40) . A number of mediators of this oxidative stress have been identified, including PIC (such as TNF-␣ and IL-6) and angiotensin II (ANG II); both can degrade IB␣ to cause NF-B activation and further increase ROS production. PDTC is believed to exert its inhibitory effects on NF-B by directly impeding IB␣ degradation (5) .
PDTC treatment in SHR attenuated the upregulation of protein and mRNA expression of desmin (a marker of glomerular injury). Desmin expression in most rat strains is confined to mesangial cells; podocytes only express desmin following injury (14) . ROS are known to alter several signaling cascades in podocytes (26) . Furthermore, NF-B activation has been shown to upregulate ROS-induced inflammation in mouse podocytes (10) . This evidence, along with our current findings, suggests a critical role for NF-B in glomerular epithelial injury. NAD(P)H oxidase is the predominant source of ROS production in the renal cortex, and the predominant NOX isoform expressed in the kidney cortex is NOX4 (9) . PDTC administration also attenuated protein and mRNA expression of NOX2 (gp91 phox ) and NOX4 in glomeruli. NAD(P)H-dependent O 2
•Ϫ production was also decreased in the cortical tissues of PDTC-treated SHR. Taken together, these results suggest that NF-Bmediated activation of NAD(P)H oxidases, and of desmin, contributes at both the transcriptional and translational levels to the renal damage seen in SHR.
Both mitochondria and NAD(P)H oxidases are important sources of ROS in cells. NAD(P)H oxidases are activated and upregulated in SHR before the onset of hypertension in this model (30) . Although O 2
•Ϫ from NAD(P)H oxidases is considered the major player in glomerular injury, the possible contributory role of mitochondrial ROS in perpetuating renal dysfunction in hypertension cannot be ignored. Recently, Doughan et al. (7) demonstrated that the full enzymatic activity of NAD(P)H oxidase was required for ANG II-induced mitochondrial damage. Also in that study, NAD(P)H oxidase blockade with apocynin was shown to attenuate ANG II-induced mitochondrial damage in endothelial cells (7) . The same effects on mitochondrial dysfunction were also seen in a study by De Cavanaugh et al. (6) , which demonstrated decreased mitochondrial oxidant production and improved mitochondrial membrane potential in SHR with ANG II receptor blockade. These results suggest •Ϫ produced from NAD(P)H oxidases can activate NF-B either directly, or indirectly through an increase in mitochondrial ROS production; however, further studies are needed to elucidate the degree of involvement of both mitochondria and NAD(P)H oxidases in the activation of this ROS-dependent transcription factor.
Until now, no studies have examined the effect of NF-B blockade on mitochondrial functionality in the hypertensive kidney. We employed EPR, a reliable and sensitive method of measuring and quantifying ROS production, to analyze production of various ROS in both tissue and isolated mitochondria of experimental animals. As expected, PDTC treatment decreased production of total ROS, O 2
•Ϫ , and OONO Ϫ as determined by EPR in the renal cortical tissue of SHR, thereby signifying the role of NF-B in tissue ROS production.
Mitochondrial total ROS, O 2 •Ϫ , and H 2 O 2 production rates were all significantly lower in PDTC-treated SHR. Mitochondrial membrane integrity and ATP production rates were also significantly improved in PDTC-treated SHR. Hypertension is associated with mitochondrial dysfunction in several tissues, including the heart and kidney (6, 27) . ROS generated by the mitochondrial ETC may act as second messengers to the activation of NF-B by cytokines such as TNF-␣ (2). Also, cells lacking functional mitochondrial ETC show significant downregulation of NF-B activation (34), thus reinforcing a role for mitochondrial ROS in activation of NF-B. However, some caution must be used in interpreting these results, as isolated mitochondria were used. Further studies should employ in vivo mitochondrial blockade and ROS measurement; results from these procedures would allow us to provide more representative data in regard to the function of mitochondrial ROS in the hypertensive kidney as a whole.
NAD(P)H-dependent O 2 •Ϫ and other cytoplasmic ROS can also activate NF-B, causing a further increase in ROS production, which leads to increased mitochondrial ROS production and further perpetuates this vicious positive feedback cycle. In this study, increased activity and expression of NF-B and the cytokines TNF-␣ and IL-6 were associated with increased tissue ROS production (especially that of O 2
•Ϫ ), as determined by EPR and lucigenin assay. Increased NF-B and PIC expression were also associated with increased mitochondrial ROS production and decreased ATP production, both of which suggest a contributory role for mitochondrial dysfunction in hypertensive renal injury. Decreased ATP production is an indicator of ETC dysfunction, as is increased mitochondrial ROS production; damage to the ETC results in free radical leakage, thereby perpetuating mitochondrial damage and ROS production. Chronic NF-B blockade with PDTC may have attenuated increases in ROS by partially inhibiting the positive feedback between mitochondrial and cytosolic ROS, NF-B, and NF-B-regulated PIC in the hypertensive kidney.
Superoxide generated by the mitochondrial ETC can be converted to H 2 O 2 in the mitochondrial matrix or in the intermembrane space. H 2 O 2 can be detoxified to water by mitochondrial glutathione peroxidase, or to water and oxygen by catalase. These enzymes comprise a complex mitochondrial defense system that is critical in ROS detoxification. In this study, SHR exhibited lower activities of catalase and glutathione peroxidase, and an increased H 2 O 2 production rate, as measured by EPR, indicating the impairment of the mitochondrial antioxidant defense system in the presence of increased NF-B activity. Long-term NF-B blockade with PDTC restored the activities of these antioxidant enzymes to near control levels in SHR. These results suggest that impairment of mitochondrial antioxidants, combined with overproduction of mitochondrial ROS, could contribute to the mitochondrial damage seen in hypertensive renal injury.
This study provides a first glance at the role of NF-B in mitochondrial ROS production in the hypertensive rat kidney. Although this study is the first to quantify mitochondrial ROS in the kidney cortex in the presence or absence of NF-B blockade, some limitations exist. First, our results suggest an obvious role for mitochondrial ROS in renal injury, but they do not allow us to determine the exact source of mitochondrial ROS overproduction, or the degree of involvement of mitochondrial ROS, since mitochondrial inhibitors were not used. Second, we cannot exclude the possibility that the antioxidant properties of PDTC are also involved in the reduction of ROS production in our study. Last, there was a significant decrease in SBP (196.4 Ϯ 9.76 vs. 151.4 Ϯ 2.12 mmHg) with PDTC treatment; this also could have altered the antioxidant/oxidant parameters measured in this study, thereby contributing to the beneficial effects seen with PDTC. However, the EMSA results and mRNA and protein expression data showing decreased IB␣ and increased p65 and p50 in SHR kidney cortex suggest that direct inhibition of NF-B is responsible, at least in part, for the beneficial effects seen in this study. In an extension of this study that is currently ongoing, we are using mitochondrial inhibitors; this will allow us to better define the role of the mitochondrion in contributing to renal abnormalities in SHR.
In conclusion, the results of the present investigation support a possible role for mitochondrial ROS in hypertensive renal injury (in addition to cytosolic ROS) and suggest that NF-B-induced PIC negatively affect mitochondrial and tissue ROS production in the hypertensive renal cortex. Successful prevention of renal damage should therefore involve therapies that not only inhibit cytokine-induced NF-B activation but also offer mitochondrial protection from NF-B-induced PIC and ROS production. Future research should focus on the precise signaling mechanisms by which NF-B-induced PIC and mitochondrial ROS interact in the kidney in the setting of essential hypertension.
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